Intramembrane proteases have the unusual property of cleaving peptide bonds within the lipid bilayer, an environment not obviously suited to a water-requiring hydrolysis reaction. These enzymes include site-2 protease, c-secretase/presenilin, signal peptide peptidase and the rhomboids, and they have a wide range of cellular functions. All have multiple transmembrane domains and, because of their high hydrophobicity, have been difficult to purify. We have now developed an in vitro assay to monitor rhomboid activity in the detergent solubilised state. This has allowed us to isolate for the first time a highly pure rhomboid with catalytic activity. Our results suggest that detergent-solubilised rhomboid activity mimics its activity in biological membranes in many aspects. Analysis of purified mutant proteins suggests that rhomboids use a serine protease catalytic dyad instead of the previously proposed triad. This analysis also suggests that other conserved residues participate in subsidiary functions like ligand binding and water supply. We identify a motif shared between rhomboids and the recently discovered derlins, which participate in translocation of misfolded membrane proteins.
Introduction
The discovery over the last few years of proteases that cleave within transmembrane domains (TMDs) has posed fundamental questions about proteolytic mechanisms. These intramembrane proteases comprise three mechanistic classes. The first family, with site-2 protease (S2P) as the founding member, are metalloproteases (Rawson et al, 1997; Duncan et al, 1998) . The second family is a group of aspartyl proteases including g-secretase (De Strooper et al, 1998; Steiner et al, 1999; Wolfe et al, 1999) and signal peptide peptidase (SPP) (Ponting et al, 2002; Weihofen et al, 2002) . The third family comprise the rhomboid serine proteases Urban et al, 2001 ). Together they regulate many biological processes such as intercellular signalling, lipid metabolism and the unfolded protein response (reviewed in Brown et al, 2000; Weihofen and Martoglio, 2003; Wolfe and Kopan, 2004) ; g-secretase also plays a key role in the pathogenesis of Alzheimer's disease (Selkoe and Schenk, 2003) . Unlike soluble proteases, the catalytic heart of these enzymes appears buried within the lipid bilayer, an unexpected location for a hydrolytic reaction, which requires water. Addressing directly the mechanism of all these enzymes has been hampered by the fact that they are all very hydrophobic and therefore difficult to handle in biochemical assays. Only very recently has activity of g-secretase and RseP, a bacterial S2P-like enzyme, been purified in their active forms (Akiyama et al, 2004; Fraering et al, 2004b) ; these represent the first direct biochemical analyses of intramembrane proteases.
Rhomboids were first discovered as activators of epidermal growth factor (EGF) receptor signalling in Drosophila (Sturtevant et al, 1993; Wasserman et al, 2000) , where they release the soluble and active form of membrane tethered ligands, including Spitz, Gurken and Keren (Urban et al, 2002a) . Rhomboids are very widely conserved (Wasserman et al, 2000; Koonin et al, 2003) . For example, a rhomboid is essential for the production of a quorum sensing signal in the Gram-negative bacterium Providencia stuartii (Gallio et al, 2002; Urban et al, 2002b) , and there is indication that rhomboids may participate in the invasive step of apicomplexan parasites such as Toxoplasma and Plasmodium (Urban and Freeman, 2003) . A mitochondrial subclass of rhomboids has also been discovered (Esser et al, 2002; McQuibban et al, 2003) . Beyond these examples, nothing is known about the biological function of most members of the family. Previous analysis of rhomboid proteolytic activity relied on the indirect read-out of the accumulation of a soluble form of a membrane-tethered substrate protein-typically an EGF-type ligand-in the medium or secretory pathway of cultured cells Urban et al, 2001) . The need to use whole cells as the basis for the assay introduced uncertainty about whether proteolysis was being influenced by other cellular events. This limitation prevented us from answering basic questions about the proteolytic mechanism.
The different families of intramembrane proteases appear structurally and evolutionarily unrelated. They share a polytopic membrane topology and have putative active sites within the plane of the lipid bilayer but, beyond this, there is no reason to think they use common mechanisms. Indeed, even before direct biochemical analysis has been possible, there are clear distinctions. For example, g-secretase is a complex of proteins, including presenilin (for a review, see De Strooper, 2003) , whereas there is no evidence for extra subunits required for the activity of the other intramembrane proteases. Each family has characteristic cleavage sites within TMDs: rhomboids cleave at or near the luminal/extracellular surface, S2P near the cytosolic surface, SPP in the centre of the TMD and g-secretase at several sites. Rhomboids differ from all the other families by not requiring prior trimming of the substrate to generate only a short juxtamembrane domain. They are also the least characterised of these enzymes: no rhomboid activity has been reported, except after coexpression of substrate and protease in tissue culture cells; indeed, this has precluded a definitive, direct demonstration that they have proteolytic activity.
We have developed an in vitro assay to monitor rhomboid catalysed intramembrane proteolysis and have extended this approach to isolate for the first time a highly pure, detergentsolubilised rhomboid with activity. The availability of an efficient in vitro assay allows us to characterise biochemically the mechanism of catalysis by rhomboids. We conclude that they appear to use a catalytic dyad instead of the previously proposed, and more common, triad. We also present evidence that they might share a TMD interaction mechanism with the recently discovered derlins, which participate in the re-translocation of misfolded membrane proteins from the ER to the cytosol (Lilley and Ploegh, 2004; Ye et al, 2004) .
Results

Activity of detergent-solubilised rhomboids
In order to investigate the mechanism of rhomboid catalysed proteolysis in detail, we have designed an in vitro activity assay. We started by expressing in Escherichia coli the Bacillus subtilis rhomboid YqgP, whose own substrate is unknown but which efficiently cleaves the Drosophila substrate Gurken in cell culture (Urban et al, 2002b) . A membrane fraction from these cells was incubated with an in vitro translated [ 35 S]methionine-labelled peptide spanning the whole predicted TMD of Gurken with an extension of 22 N-terminal juxtamembrane residues (plus an additional methionine required to initiate peptide translation). The rationale was that at least a proportion of the hydrophobic peptide would enter the translocon of the YqgP-expressing membranes and thereby be incorporated in the lipid bilayer; this has been shown to occur, at least with peptides that resemble signal sequences (Simon and Blobel, 1992) . Such incorporation would allow the peptide to become a substrate for intramembrane proteolysis, as has been shown for SPP (Weihofen et al, 2000) . After incubation at 301C the peptide was cleaved ( Figure 1A and B), although with low efficiency. Owing to the greater efficiency seen in the presence of detergent (see below), we presume the low efficiency was caused by limited incorporation of the substrate peptide into the membranes. The reaction was inhibited by 400 mM dichloroisocoumarin (DCI), one of only two serine protease inhibitors that has previously been shown to be effective against rhomboids, albeit with low potency ). Cleavage did not occur in the absence of YqgP, or in a reaction containing a mutant enzyme, predicted to be catalytically inactive. We therefore conclude that the cleavage was catalysed by YqgP.
An essential step towards obtaining pure, active rhomboid for biochemical analysis was to solubilise the protein while retaining its catalytic activity. Rhomboid activity was monitored after solubilisation by a number of different detergents; we discovered that YqgP retained activity after membranes were solubilised with the nonionic detergents Triton X-100 (TX100) ( Figure 1A and C) or n-dodecyl-b-D-maltoside (DDM) ( Figure 1C ): in fact, cleavage was much more efficient than in intact membranes. The zwitterionic detergent CHAPS, which retains the activity of aspartyl intramembrane proteases gsecretase/presenilin and SPP (Li et al, 2000; Weihofen et al, 2000) , was ineffective at solubilising YqgP and little activity was detected ( Figure 1C-E) . Rhomboid activity depended on the presence of the catalytic serine and was inhibited by DCI, confirming that the reaction was specific ( Figure 1A and C) . The increased efficiency of substrate cleavage in vitro in the presence of detergent is presumably due to uncoupling from the rate-limiting step, the integration of the substrate TMD into the membrane. The cleaved products generated from either intact or solubilised membranes were identical in size, implying that detergent solubilisation did not alter the rhomboid cleavage specificity.
In order to identify the cleavage products, we generated a variant substrate peptide, extended at the C-terminus. By comparing the cleavage of the long and short substrates, we identified the product observed in the standard assay as the N-terminal fragment of the cleaved peptide ( Figure 1F ). Moreover, when the longer Gurken-TMD82 was used as a substrate, both the N-and C-terminal fragments of the proteolysis were detected ( Figure 1F ), formally demonstrating that rhomboid is an endopeptidase. Since we noticed that the shorter substrate was cleaved more efficiently than the extended one, the subsequent analysis in this study was performed with substrate TMDs with only short N-terminal extensions. Using this substrate, the cleavage site was approximately mapped to the region of residues alanine-24 to isoleucine-26 by comparing the N-terminal fragment with a series of reference peptides ( Figure 1G ). This site is very close to the predicted amino-terminus of the TMD, as also observed in intact cells Lohi et al, 2004) . This important result implies that cleavage in vitro mimics cleavage in intact cells, even though, until we can generate large enough quantities of substrate to analyse by mass spectrometry, the exact peptide bond that is cleaved by rhomboids remains uncertain.
Activity of multiple rhomboids in vitro
Our in vitro assay was developed with a rhomboid from the Gram-positive bacterium B. subtilis. To explore the assay's utility for investigating rhomboids from different species, diverse rhomboids were similarly expressed in E. coli. These included rhomboids from the Gram-negative bacteria E. coli, Providencia stuartii and Pseudomonas aeruginosa; the thermophilic bacterium Aquifex aeolicus; and the eukaryotic Rhomboid-1 from Drosophila and RHBDL2 from humans. In each case, TX100 solubilised membranes were assayed for their ability to cleave three model substrate peptides based, respectively, on the TMDs of Gurken, Spitz and Delta ( Figure  2A -C). Gurken-TMD was cleaved by YqgP (B. subtilis), GlpG (E. coli), predicted protein PA3086 (P. aeruginosa), AarA (P. stuartii), predicted protein AQ1327 (A. aeolicus), and also by Rhomboid-1 (Drosophila) and RHBDL2 (human). The only rhomboid tested not to cleave Gurken-TMD was YdcA from B. subtilis, which was previously found to be inactive in a cell culture assay (Urban et al, 2002b) . All rhomboids were expressed at equivalent levels ( Figure 2D ). Spitz-TMD was significantly cleaved only by rhomboids from P. aeruginosa, P. stuartii and the thermophile A. aeolicus. The Drosophila and human rhomboids had little activity against Spitz-TMD, but these enzymes cleave Spitz at a lower efficiency than Gurken in the cell culture assay (Urban et al, 2002a) . Delta-TMD was not a good substrate in vitro, consistent with the fact that Drosophila Delta protein is not a substrate for (F) TX100-solubilised rhomboid (Yq) catalysed endoproteolysis of Gurken-TMD82 generated two detectable fragments (labelled with N and C); DCI, reaction in the presence of 400 mM DCI; b, buffer only. The reaction was run alongside cleavage of Gurken-TMD50. The two substrates are diagrammed, with the number of residues in each part of the peptide indicated. The two cleavage products of Gurken-TMD82 were seen consistently in multiple experiments. (G) N-terminal cleavage fragment of Gurken-TMD generated by TX100-solubilised YqgP (Yq) or buffer only (b) was compared with reference peptides corresponding to the indicated N-terminal cleaved fragment. The hydrophobicity plot of the relevant region is shown (using the scale of Kyte and Doolittle (1982) , with a window size of 7) indicating the potential N-terminal TMD boundary.
rhomboids in vivo (Urban and Freeman, 2003) . The rhomboids from P. aeruginosa and A. aeolicus appeared to have slight activity against Delta-TMD; a similar activity in living cells was previously reported for this Pseudomonas rhomboid (Urban et al, 2002b ).
The only major distinction between these results and those in cell culture is the activity of A. aeolicus: its activity here implies that in some cases the detergent-solubilised assay can overcome limitations of the cell-based approach. In summary, the activity of rhomboids from across evolution can be reconstituted in the detergent-solubilised state and in most cases their activities reflect activity in whole cells. This is an important step towards determining the catalytic mechanism of these enzymes as well as providing an assay for identifying specific inhibitors.
Purification of active rhomboids
Detergent solubilisation of active rhomboids also allows purification, which is essential for biochemical and structural analysis. Our initial purification efforts focused on histidinetagged B. subtilis YqgP and E. coli GlpG, two of the highestexpressing rhomboids. Both were purified using a combination of selective membrane solubilisation, metal-chelate chromatography (Ni 2 þ -NTA), and anion exchange chromatography ( Figure 3A ; Materials and methods). Both proteins retained activity throughout the purification procedure ( Figure 3B ). Notably, E. coli GlpG was purified to a level where only a single band was visible on an overloaded Coomassie-stained gel ( Figure 3A) , making it the first active intramembrane protease available in homogeneous form. Until now, the most purified was RseP, a member of the S2P family, but in this case the degree of purity was considerably less (Akiyama et al, 2004) . The fact that the highly pure rhomboid fraction retains activity is the first direct demonstration of proteolytic activity in a rhomboid protein and provides evidence that rhomboids do not function as part of a multiprotein complex, as is the case for presenilin (De Strooper, 2003) .
Rhomboid cleavage is ATP-independent
Our working hypothesis is that substrate presentation to rhomboids is topologically straightforward because the cleavage site of the substrate and the catalytic site of the enzyme reside at approximately the same level in the membrane. We could not, however, rule out a more complex model where energetically unfavourable distortions of the substrate and/or active site are required, as has been postulated for the S2P intramembrane protease . Indeed, the yeast mitochondrial rhomboid appears to cleave its substrate after the substrate has been pulled through the membrane by the ATP-dependent Tim23 translocation complex (Herlan et al, 2004) . We therefore tested whether rhomboid cleavage itself was ATP dependent. By depleting or increasing ATP levels present in the reaction with purified YqgP and GlpG, we conclude that proteolysis is ATP independent ( Figure 4A ).
Requirement for key residues
A number of residues that appear important for rhomboid activity have been identified by their widespread conservation and, in some cases, their necessity, as determined by site-directed mutagenesis in the cell culture assay (Urban et al, , 2002b . This led to the proposal of a serine protease catalytic mechanism, centred around a catalytic triad. We have now assayed and quantified the requirement for many of these key residues in vitro, by testing the activity of purified mutant proteins ( Figure 4B-E) . The expression in E. coli of all these mutants was equivalent ( Figure 4F ). The serine-288 and histidine-339 proposed to participate in a catalytic triad were essential ( Figure 4C and E); this is also true for glycine-286 two residues N-terminal to the proposed catalytic serine that, by analogy to classical serine proteases, is predicted to contribute to an oxyanion-binding pocket that stabilises the reaction intermediate (data not shown). However, the third member of the suggested triad, asparagine-241, was not required for catalytic activity: the N241A mutant has activity indistinguishable from wild type in vitro ( Figure 4B and E). Combined with the previous observation that this mutation retained some activity in the cellular assay (Urban et al, 2002b) , this result demonstrates that asparagine-241 is not an obligate member of a catalytic triad. We conclude that rhomboids instead function with a serinehistidine dyad, which is a less common serine protease mechanism (Paetzel and Dalbey, 1997) . The observed effect of mutation of this asparagine in the cellular assay, which for most rhomboids tested blocked cleavage completely, implies that its requirement must be specific to the reaction that occurs in a lipid bilayer. It could, for example, be involved in providing the water molecule required for the deacylation step of the proteolysis (Hedstrom, 2002) . In the detergentsolubilised state, water would be expected to be more freely accessible than in a lipid bilayer.
We have also mutated a well-conserved histidine (H237 in YqgP) in the second TMD. Previous in vivo assays with Drosophila Rhomboid-1 suggested that, despite its conservation, this residue did not participate substantially in the cleavage reaction. In contrast, YqgP activity was significantly compromised in the H237A mutant although, unlike the proposed dyad residues, this mutant did not destroy all activity ( Figure 4D and E) . We speculate that this residue, which contributes to the amphipathic nature of the second TMD, plays a structural role or contributes to binding of the substrate backbone. This partial requirement illustrates the ability of the new assay to detect quite subtle differences in activity.
A highly conserved tryptophan-arginine (WR) pair of residues in the large loop near the luminal face of TMD2 has previously been shown to be required for rhomboid activity in cells ). There is, however, no obvious link with the proposed serine protease mechanism and its function remains elusive. Unexpectedly, the corresponding R224A purified mutant protein of YqgP retained cleavage activity in the detergent-solubilised state, albeit with a reduced level compared to wild type, and the N241A and the H237A mutants ( Figure 4D and E). We conclude that the WR motif is only essential when in a lipid bilayer and is therefore not part of the core proteolytic mechanism. Again, the differences between the activity of detergent-solubilised rhomboids and those expressed in intact membranes allow us to distinguish residues involved in different aspects of the cleavage mechanism. Interestingly, we noticed that the same WR motif, in an identical position, is widely conserved in the derlins, a recently discovered family of polytopic membrane proteins that are involved in the extraction of misfolded membrane proteins from the ER ( Figure 5A ) (Lilley and Ploegh, 2004; Ye et al, 2004) . These observations raise the possibility of some shared mechanism between rhomboids and derlins.
Discussion
It is clear that intramembrane proteolysis regulates many biological processes. As with other intramembrane proteases such as g-secretase/presenilin and SPP (Martoglio and Golde, Figure 3 Rhomboid was purified and assayed for activity. (A) Aliquots of fractions from the purifications (as described in Materials and methods) were resolved by SDS-PAGE and stained with Coomassie blue. L, DDM-solubilised membrane protein load; FT1, Ni 2 þ -NTA flowthrough; E, Ni 2 þ -NTA elute pool; E þ , Ni 2 þ -NTA elute pool after TEV cleavage; UN, representative fraction of UNO-Q eluate; L2, load 2 (UNO-Q eluate pool); FT2, second Ni 2 þ -NTA flow-through (for GlpG, the gel was overloaded to demonstrate protein purity). The yield from a 2 L culture was 1 mg for GlpG, and 0.6 mg for YqgP. (B) YqgP and GlpG remained active against Gurken-TMD over the entire purification; b, buffer only; T, TX100-solubilised rhomboid; L, E, UN and FT2 as outlined in (A); DCI was added at 50 and 400 mM to assays with FT2 as indicated.
2003; Selkoe and Schenk, 2003) , rhomboids may turn out to be useful therapeutic targets (Opitz et al, 2002; Urban and Freeman, 2003) . The lack of an in vitro assay for rhomboid activity has been a limiting factor in the biochemical analysis of their proteolytic mechanisms. We have now demonstrated rhomboid activity both in detergent-solubilised membrane extracts and in a highly purified fraction. These two versions of the in vitro assay have different utilities. The activity of multiple rhomboids can be rapidly determined in TX100 membrane extracts; and in purified fractions, precise quantification of relative activities can be measured. Here we have exploited both approaches to show that diverse rhomboids have differential activities on three model substrates, and to compare the activities of a number of purified mutant proteins.
There are several strands of evidence that the rhomboid assay in vitro reflects the proteolytic activity in cellular membranes. The cleaved products of substrate incubated with intact or solubilised membranes are indistinguishable; the cleavage site in vitro also appears to correspond to that seen in a cell culture assay Lohi et al, 2004) ; the activities of different rhomboids against three different substrates is very similar in vitro and in cell culture (Urban et al, , 2002b ; and finally, the key catalytic residues essential in tissue culture are also essential when the enzyme is detergent solubilised. Nevertheless, there are also significant differences between the results from solubilised rhomboids and whole-cell assays. Although some of these may be caused by taking the rhomboids out of their natural lipid bilayer environment, many may be instructive. We suspect that the reduced efficiency of cleavage of the extended substrate TMD is a limitation of the detergent-based assay. There is no prior evidence to suggest that rhomboidcatalysed cleavage depends on a prior juxtamembrane cleavage and a similar low turnover is observed in in vitro gsecretase cleavage assays using substrates of comparable length (Li et al, 2000) . This may be a general property of these types of assay, possibly reflecting an effect of longer hydrophilic tails increasing substrate peptide solubility and thereby influencing its distribution between protease-containing detergent micelles and the aqueous phase. In contrast to this technical restriction, comparison of cleavage efficiency of different rhomboid mutants between in vitro and cell-based assays is quite informative. Residues necessary for the core proteolytic activity will be essential in any assay, whereas those involved in subsidiary functions such as substrate binding and water supply are likely to be affected by the difference between the membrane and detergent-solubilised state. In this way, we have significantly modified our view of the catalytic mechanism of rhomboids, now proposing that they rely on a catalytic dyad instead of a triad. We have also been able to exploit comparison of in vitro and cellular assays to shed some light on the likely roles of arginine-224 and histidine-237 of YqgP.
The choice of the detergent that allows retention of the native structure and the biological function of membrane proteins is critical; in this aspect, the rhomboids differ from other intramembrane proteases. The zwitterionic detergents CHAPSO and CHAPS have been successfully used to solubilise the g-secretase complex and SPP, respectively (Li et al, 2000; Weihofen et al, 2000) . Recently, the nonionic detergent DDM was used for the purification of the S2P homologue RseP (Akiyama et al, 2004) . We have shown that rhomboids were not solubilised efficiently by CHAPS, but are active in DDM and TX100. In contrast to the similarity of rhomboid cleavage site in both detergents and intact membranes, gsecretase specificity is sensitive to solubilisation conditions (Fraering et al, 2004b) and TX100 and DDM disrupt the gsecretase activity (Li et al, 2000; Fraering et al, 2004a) . We also note that, even in detergents compatible with activity, gsecretase and SPP are inactive when the detergent concentration is above the critical micelle concentration (CMC) (MK Lemberg and Bruno Martoglio, unpublished; Fraering et al, 2004b) . Combined with the lipid requirement observed after purification of the g-secretase complex (Fraering et al, 2004b) , this suggests that the proteolytic activity in these assays might require mixed lipid-detergent-protein structures or partially reconstituted proteoliposomes, which form spontaneously on dilution to detergent concentrations below the CMC. Rhomboids, on the other hand, are active even in presence of 0.5% TX100 and DDM (data not shown), both of which have a CMC below 0.1%. This suggests that rhomboids may differ from g-secretase and SPP in their ability to cleave peptide bonds in detergent micelles.
The shared WR motif between rhomboids and derlins is intriguing ( Figure 5A ). Both are polytopic membrane proteins with the motif residing in the luminal loop, just N-terminal to the second predicted TMD ( Figure 5B ). They also share a highly conserved residue with an hydroxyl side-group, also in the second TMD. Further support for a possible functional relationship between rhomboids and derlins is our observation that reiterative homology searching with the PSI-Blast algorithm (Altschul et al, 1997 ) reveals a consistent (though weak) sequence relationship between the derlins and rhomboids, suggesting that they may in fact be distantly related. Since the derlins function in a process that involves translocation of transmembrane proteins across the ER membrane prior to proteasomal degradation (Lilley and Ploegh, 2004; Ye et al, 2004) , it is difficult to guess what mechanistic features they might share with rhomboids. A possible common theme between the two protein families might be the destabilisation or unfolding of transmembrane helices to allow, in one case, translocation to the cytosol, or in the other, cleavage in the plane of the membrane. We emphasise, however, that this possibility remains speculative until the mechanism of both rhomboids and derlins are better understood.
Materials and methods
Plasmid constructs
The rhomboid coding sequences Urban et al, 2001 Urban et al, , 2002b were subcloned into a pET25b( þ )-derived E. coli expression vector (Novagen). When cloned into this vector, the constructs encode a C-terminal six-histidine tag preceded by a linker containing a TEV protease cleavage site (yASENLYFQ^Gy). YqgP mutants were generated with the QuickChange Site-Directed Mutagenesis Kit (Stratagene). All constructs were confirmed by sequencing.
Preparation of membrane fractions and solubilisation
To produce recombinant rhomboid, 2 l of LB medium were inoculated with E. coli BL21-Gold(DE3) cells harbouring the expression vector and the extra plasmid pRARE2 (Novagen) encoding supplementary tRNAs. Culture was grown at 301C until reaching an OD 600 of 0.3-0.4, and induction of expression was initiated by the addition of 0.6 mM IPTG. Incubation was continued for 12 h at 161C, at which point cells where harvested and resuspended in 40 ml buffer A (20 mM HEPES/NaOH, pH 7.4, 100 mM NaCl, 5 mM MgCl 2 , 10% glycerol), containing EDTA-free Complete Protease Inhibitor cocktail (1 Â PI, Roche). All subsequent steps were performed at 41C. Cells were lysed by two passes through an Avestin EmulsiFlex-C5 and centrifuged at 50 000 g for 30 min. After washing with buffer A and recentrifugation, membranes were resuspended in 3 ml buffer B (50 mM HEPES/NaOH pH 7.4, 100 mM NaCl, 15% glycerol, 1 Â PI) using a Dounce homogeniser. The membrane suspension was either directly used for cleavage assay or solubilised by the addition of 2% detergent from a 4% solution in buffer B (Triton-X 100, protein grade, Calbiochem; DDM and CHAPS, solubilisation grade, Anatrace). The resulting solution was incubated for 1 h on ice, and non-solubilised proteins were removed by centrifugation at 100 000 g for 30 min. Detergentsolubilised rhomboids were flash frozen in liquid nitrogen and stored at À801C.
Nickel affinity chromatography
For purification of DDM-solubilised rhomboid, E. coli membrane fraction (obtained as described above) was resuspended in buffer D (50 mM HEPES/NaOH, pH 7.4, 200 mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 10% glycerol, 5 mM imidazole, 1% DDM, 1 Â PI) containing 0.05% cholesteryl hemisuccinate (CHS, Anatrace), stirred gently for 1 h at 41C, and then centrifuged at 100 000 g for 30 min. The 100 000g-cleared supernatant was loaded onto a 1 Â 2.5 cm Ni 2 þ -NTA Superflow gravity column (Qiagen), which was washed with 10 volumes of buffer E (50 mM HEPES/NaOH, pH 7.4, 1 mM MgCl 2 , 1 mM CaCl 2 , 10% glycerol, 30 mM imidazole, 0.1% DDM, 0.02% CHS) containing 500 mM NaCl, followed by 10 column volumes of buffer E containing 200 mM NaCl. Bound protein was eluted with buffer F (50 mM HEPES/NaOH, pH 7.4, 200 mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 10% glycerol, 400 mM imidazole, 0.1% DDM, 0.02% CHS). The elute pool was flash frozen in liquid nitrogen, and stored at À801C. Protein concentrations were determined using a detergent-compatible EZQ Protein Quantitation Kit (Molecular Probes) with chicken ovalbumin as standard.
Removal of the fusion tail and anion-exchange chromatography
Removal of the C-terminal fusion tag was achieved by cleavage with histidine-tagged TEV protease (Science Reagents), which was typically performed after supplementation of 0.5 mM Tris (2-carboxyethyl)phoshine hydrochloride (Bioshop) for 12 h at 41C in the ratio 1:20 (w/w, TEV protease to fusion protein). Following cleavage, the protein solutions were diluted with four volumes of buffer G (10 mM HEPES pH7.4, 0.05% DDM) and immediately applied at 1.0 ml/min to an UNO Q-1 ion exchange column (Biorad), pre-equilibrated in buffer H (15 mM HEPES/NaOH pH 7.4, 0.05% DDM). Protein was resolved with a 60 ml linear gradient to buffer I (15 mM HEPES/NaOH, pH 7.4, 1 M NaCl, 0.05% DDM), at 1.0 ml/min. GlpG eluted between 25 and 30% Buffer I, while YqgP eluted between 55 and 60% Buffer I. Pooled fractions from the UNO Q-1 ion exchange were loaded onto a second 1 Â 2.5 cm Ni 2 þ -NTA Superflow gravity column and purified rhomboid was collected in the flow-through, flash frozen in liquid nitrogen, and stored at À801C.
Rhomboid cleavage assay
Radiolabelled substrate consisting of the substrate TMD was generated by cell-free in vitro translation using wheat germ extract (Promega) and [ 35 S]methionine (Amersham-Pharmacia) as described (Lemberg and Martoglio, 2003) . The peptide substrate Gurken-TMD corresponds to an N-terminal methionine plus residues 224-272 of Gurken; the substrate Spitz-TMD to residues 113-161 of Spitz; and the substrate Delta-TMD to an N-terminal methionine plus residues 573-621 of Delta. Gurken-TMD82 corresponds to an N-terminal methionine plus residues 224-295 of Gurken plus nine additional residues at the C-terminus (YPYDVPDYA). To obtain a template for in vitro transcription, the coding region of interest was amplified by PCR from the pcDNA3.1 plasmids described previously Urban et al, 2002a; Urban and Freeman, 2003) . As forward primer, we use an oligonucleotide coding the SP6 promoter, Kozak initiation sequence, ATG for initiation, followed by the respective coding region. As reverse primer, we use an oligonucleotide 5 0 -N 6 CTAN 20 -3 0 (where the N 20 region is complementary to the cDNA) in order to introduce a TAG stop codon at the desired position. For the cleavage assay, 2 ml of translation mixture was added to a 38 ml reaction containing the rhomboid in 50 mM HEPES/NaOH, pH 7.4, 10% glycerol and 50 mM EDTA (the amount used was 1 ml of E. coli membrane suspension; 2 ml crude detergent-solubilised proteins; 5 mg protein for Figures 3B and 4A ). For Figure 4B -E, 40 ml Ni 2 þ -NTA purified rhomboid (at 0.125 mg/ml in buffer F) was added to 14 ml 4 Â assay buffer (200 mM HEPES/NaOH, pH 7.4, 40% glycerol and 200 mM EDTA) and subsequently supplemented with 1 ml substrate mixture. Where indicated, 3,4-DCI (Calbiochem) from a 50 Â stock in DMSO was added. ATP was depleted by the addition of 0.3 U of hexokinase and 1 mM glucose; for ATP supplementation, 2 ml of ATP mix was added (12.5 mM ATP, 3.5 U/ml creatine kinase, and 100 mM creatine phosphate, 50 mM HEPES-KOH, pH 7.4). Samples were incubated at 301C as outlined: 2 h for E. coli membrane fractions ( Figure 1A) ; 1 h for detergentsolubilised proteins (Figures 1 and 2) ; 30 min and 1 h for samples from the YqgP and GlpG purification, respectively ( Figure 3B ); 2 h for Figure 4A ; as indicated for Figure 4B and C. Proteins were next precipitated with 10% trichloroacetic acid and samples were prepared for SDS-PAGE as described below.
SDS-PAGE and Western blotting
Recombinant rhomboids were analysed by SDS-PAGE using Tris/ Glycine polyacrylamide gels (4-20% for Figures 1B, E and 2D; 12% for Figures 3B and 4F) , followed either by Western blot analysis with an anti-polyhistidine antibody (1/3000) (Sigma) or by Coomassie Blue staining. Protein samples were mixed with SDSsample buffer (containing 2% b-mercaptoethanol) and loaded on the gel without prior heating. Radiolabelled peptides were analysed by 10% BisTris/MES SDS-PAGE (Invitrogen). The trichloroacetic acid-precipitated peptides were washed with acetone and dissolved in SDS-sample buffer by incubation at 651C for 15 min. Following electrophoresis, gels were incubated in fixation buffer (0.4 M borate/phosphate, pH 6.2, 0.25% glutaraldehyde) for 2 Â15 min, followed by incubation with wash buffer (40% methanol, 10% acetic acid) for 10 min. Gels were dried and labelled proteins were visualised by a Typhoon 8600 Phosphorimager (Molecular Dynamics). Quantification of substrate turnover was performed using the software ImageQuant 5.2. [
35 S]labelled reference peptides corresponding to the N-terminal portion of the substrate peptide Gurken-TMD ( Figure 1G ) were generated by cell-free in vitro translation using wheat germ extract (Promega) as described (Lemberg and Martoglio, 2003) .
